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S i l i c o n  obta ined  by t h e  S i F  -Na r e a c t i o n  was analyzed by spark  sollrce 
4 
m a s s  s p e c t r o l e t r y  (SSarS). A p a r t i a l  listing of t h e  r e s u l t s  is g iven  b e l o w .  
The concen t r a t ion  u n i t s  i n  parentheses  are ppm rt. 
B ( 0  a ,  1) A I  (0.81, Ga(0.061, P(@.2) ,  F(O.1) , Na(l.01, V(0.04), Mo(0.3), 
Ti(2 .0) ,  Zr(2.0) ,  bh(O.l) ,  Ni(2.01, Zn(O.Ol), Cu(20.0), C r ( l l . O ) ,  Fe(55.0) 
tln e x c e l l e n t  s t a r t i n g  m a t e r i a l  f o r  s i l i c o n  s o l a r  cells is obta ined  
on t h e  b a s i s  of t h e  law l e v e l s  of B, A l ,  G a ,  P and A s .  The source  of  t h e  
Fe and C r  is suspected to  be t h e  s t a i n l e s s  steel c o n t a i n e r  for l i q u i d  
sodium. An independent check f o r  t h e  phosphorus con ten t  i n  Sample 2-19 
was made by a m e t  c o l o r i m e t r i c  method and was found t o  bi' 90 p a r t s  per 
b i l l i o n  (ppb),  i n  reasonable  agreement wi th  t h e  SSMS r e s u l t  of 200 ppb. 
S i l i c o n  samples prepared from induc t ion  melted powder w e r e  eva lua ted  
for e l e c t r i c a l  p r o p e r t i e s  us ing  four-point  probe conduc t iv i ty  and thermo- 
electric methods. The s o l i d  s i l i c o n  i n  Sample 2-19 was found to  be 
p t y p e  and ranged i n  r e s i s t i v i t y  between 0.1 and 0.5 ohm cm. 
A s t a i n l e s s  steel r e a c t o r  was designed and f a b r i c a t e d  to  perform t h e  
S iF  -Sa r e a c t i o n  under P g r e a t e r  than 1 atmosphere. The amount of 
s i l i c o n  produced was increas .x l  from 25 g pe r  batch ( i n  t h e  g l a s s  r e a c t o r )  
:o g r e a t e r  than 70 g per  batch i n  the  s t a i n l e s s  steel r e a c t o r .  
4 SiF4 
The s tudy  of t h e  e f f e c t s  of r e a c t i o n  v a r i a b l e s  such a s  P and 
maximum temperature  a t t a i n e d  on t h e  p a r t i c l e  s i ze  of s i l i c o n  powdei showed 
t h a t  t h e  s i l i c o n  p a r t i c l e  s i ze  tends  t o  grow l a r g e r  with inc reas ing  
p res su re  of t h e  S iF  gas i n  t h e  r e a c t i o n  s y s t e m .  
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V 
INTRODUCTION 
A t  t h e  M n t e r i n l s  Research Cen te r  o f  t h e  SRI I n t e r n a t i o n a l ,  w e  have 
1 
demonstrated t h a t  s i l i c o n  can be produced by t h e  r e d u c t i o n  of s i l i c o n  
t e t r a f l u o r i d e  gas with  l i q u i d  sodium according to t h e  r e a c t i o n  
T h i s  r e a c t i o n  is exothermic and can be i n i t i a t e d  by warning t h e  r e a c t i o n  
0 2  0 
system t o  about 200 C. A lnrgc amount of hca t  (& 500 K --164 kcall’  
mole S i F  is l i b e r a t e d .  Compounds appearing i n  t h e  r e a c t i o n  products  
have been c h n r a c t c r i z e d .  The s e p a r a t i o n  of  s i l i c o n  from t h e  r e a c t i o n  
products  by l each ing  out t h c  sodium f l u o r i d e s  (NaF and N a  S i F  ) has  been 
s t u d i e d  i n  d c t n i l .  The  by-product Na SiF formed nccording t o  a s i d e  
r e n c  t i o n  
4 
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a l s o  h a s  been s t u d i e d  i n  d e t a i l ,  nnd an understanding about i t s  rolc i n  
t h e  over: i l l  p rocess  h a s  been acquired.  
X method has been r e p o r t e d  f o r  o b t a i n i n g  S i F  g a s  from commercinl 
f l u o s i l i c i c  a c i d  (H*SiE’ which i s  a wasCc by-product o f  t h e  phosphate 
f c r t i l i z e r  i ndus r ry .  The impuri ty  c o n t e n t  i n  t h e  S i F  ~ ‘ 1 s  thus pre- 
pared was found by mass s p c c t r o m c t r i c  n n a l y s i s  t o  bc much lower than 
t h a t  i n  commerci.il Sit: gas. In p n r t i c i i l a r ,  t h e  SO c o n t c n t  of thc 
prepared S iF  was much lower. 
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During this q u a r t e r ,  we h:ivc dcsiKticd :I s t a i n l e s s  s tccl  r e a c t o r  f o r  
performing t h e  S iF  --Na r c a r t i o n  with gre:itcr S i F  p rcs su rcs .  Espcrimcnts 
wcrc pcrfox-med to  iindcx-st;ind thc ef fccts of r c a c t i o n  pnrameters such :IS 
4 4 
w d  thc maximrim react ion temycratiirc (T  on tiic morphology of 
thc rcnc t  ion products .  S i cve  3ti;ilysis o f  t h c  product s i l i c o n  K;IS i i s c d  
max 
‘I 
% i F  
1 
to determine the particle size distribution and its correlation with the 
reaction variables. Scanning electron microscopy (SEM) was used to study 
product size and shape. 
O u r  efforts this quarter also included the characterization of 
product silicon by its chemical analysis and by measuring its electrical 
properties. This report discusses these new developments in detail. 
2 
STAINLESS SIEEL REAC1Y)R 
During t h e  l a s t  q u a r t e r ,  w e  designed and f a b r i c a t e d  a s t a i n l e s s  
steel r e a c t o r  ( s e e  F igure  1) to  r e p l a c e  t h e  Pyrex g l a s s  r e a c t o r  used 
p rev ious ly .  T h i s  r e a c t o r  extt.r,is our c a p a b i i i t y  t o  perform t h c  
S i F  -Na r e a c t i o n s  wi th  P g r e a t e r  t han  1 n t m .  The r e a c t o r  is 12  
i n c h e s  long and 3 i n c h e s  i:i diameter and is  c o n s t r u c t e d  from a s t a i n l e s s  
steel (304) tube.  The w a l l  t h i c k n e s s  of  t h i s  t ube  is 1/16 inch.  Tile 
t u b e  i s  c losed  a t  one  m d  w i t h  a 3/8-inch t h i c k  s t a i n l e s s  s teel  p l a t e  and 
welded t o  a s t a i n l e s c  steel vacuum f l a n g e  wi th  m u l t i p l e  e n t r y  p o r t s .  A 
s t a i n l e s s  steel  tube  3/8-inch OD welded i n  t h c  c e n t e r  o f  t h e  f l a n g e  
connects  t h e  r e a c t o r  t o  a l i q u i d  sodium c o n t a i n e r  (as  descr ibed  i n  
Reference 5) through a bellows va lve  V . A thermocouple TC2 placed i n s i d e  
t h i s  t ube  measures t h e  temperature  of t h e  l i q u i d  sodium dropping i n t o  t h e  
r e a c t o r .  T o  t t e  lower end of t h i s s t a i n l e - r  s teel  tube ,  ex tending  i n s i d e  
t h e  r e a c t o r ,  v a r i o u s  d e l i v e r y  nozz le s  cnn be a t t a c h e d  f o r  r e g u l a t i n g  t h e  
flow of l i q u i d  sodium i n t o  t h e  r e a c t o r .  The r e a c t o r  i s  connected through 
4 SiFl  
1 
a va lve  V to a s o l i d  s t a t e  p r e s s u r e  t r ansduce r  and P i n s i d e  t h e  
4 SiF4 
r e a c t o r  i s  cont inuous ly  reL rded. A thernocouple  TC3 i n  t h i s  p o r t  
measures tl1e temper.iture o f  t h e  S i p  gas nea r  t h e  v a r i o u s  e n t r y  p o r t s .  
The r e a c t o r  can be evacuated through a va lve  V and i t  can also be 
connected to  S iF  t a n k s  through a c o n s t a n t  p r e s s u r e  r e g u l a t o r  V A h i g h  
temperature  thermocouple TC.1 i s  i n s e r t e d  d i r e c t l y  i n t o  t h e  r e a c t o r  t o  
measure t h e  r e a c t i o n  temperature .  The i n s i d z  of t h i s  s t - i i n l e s s  steel  
r e a c t o r  i s  l i n e d  wi th  a de tachable  n i c k e l  l i n e r  and a n i c k e l  d i s h ,  wkich 
4 
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preven t s  2 d i r e c t  c o n t a c t  between t h e  r e a c t i o n  products  and t h e  s t a i n l e s s  
steel c o n t a i n e r .  The r e a c t o r  can be heated t o  i n i t i a t e  t h e  r e a c t i o n  by 
t h e  h e a t i n g  c o i l s  wound around i t s  l o v e r  p o r t i o n ,  
O-RING SEAL 
S.S. STRAINER 
Ni W I R E  F I L E R  
TRANSDUCER 
TC1: MOLTEN Na 
TC2: Nz DELIVERY SYSTEM 
TC3: SiF4 TEMPERATURE 
TC4: REACTION TEMPERATURE 
V1: S.S. BELLOWS VALVE 
V2, 4, 5, 6, 7, 8: WHITEY VALVES 
V3: CONSTANT PRESSURE 
(W-Re 5%/W-Re 26%) 
I1 EGU LATO R 
TC 1 
L,, 
d 
I -  
LINER 
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FIGURE 1 STAINLESS STEEL REACTOR 
4 
With t h i s  reactor ,  we were a b l e  to  increass  the mount of s i l i c o n  
produced to 70 g per batch, compared with 25 to 30 g per batch in the  
g l a s s  reactor.  Currently, t h i s  reactor i s  bring used to  s tudy vorious 
ways of introducing l iqu id  sodium i n t o  t h e  reaction system. 
5 
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EFFGCTS C)F PRliSSURE (SiF4) AND RFACTXON TEMPERATURE 
ON THE A#)RPHOLIx;Y OF PRODUCT SILICON 
Experience w i t h  t h e  S i F  -Na r e a c t i o n  h a s  shown t h a t  t h e  maximum 
4 
tesrperature  a t t a i n e d  i n  this exothermic reaction depends on the  p r e s s u r e  
of t h e  SIF  gas i n  t he  system. The S i F  -Na reactions performed w i t h  
- A a h i  have been obscrved to  proceed vigcrously with re:wtion 
t empera tures  rising to shove L.:t)O C. However, t h e  SiF -Na r e a c t i o n s  
performed with P 
The rate a t  which t h e  r e a c t i o n  system is heated by t h e  l i b e r a t e d  r e a c t i o n  
h e a t  depends on t h e  k i n e t i c s  of t he  r e a c t i o n .  Inc reas ing  t h e  P 
i n c r e a s e s  t h e  r e a c t i o n  rate,  which i n  t u r n  r e s u l t s  i n  h ighe r  r r a c t f o n  
temperatures .  For a cons t an t  weight of  sodium and for a f i x e d  r e a c t o r  
4 4 \ .  
'S iFq 0 
4 
< 0 .5  alm have been observed t o  proceed mi ld lb ,  
SiF4 
S i F  
geometry, a range of r e a c t i o n  tempera tures  can be ob ta ined  by vnrying 
the p r e s s u r e  of t h e  SiF  gns i n  t h e  system. As n result of this 
t e m p e r a t w e  v a r i a t i o n ,  w e  ob ta ined  a v a r i e t y  c;f morphological  forms 01 
silicon. In t h e  scanning e l e c t r o n  microscope, s i l i c o n  h a s  been observed 
i n  t h e  form of cubes approximately 0.1 mm from co rne r  t o  co rne r  
(F igure  21, i n  the form of branches about 0.0% m l m g  (F igurc  3) mid a s  
a f i n e  powder wi th  same c r y s t a l l i n e  s t r u c t u r e  (F igure  4). 
4 
This  wide r a  ge i n  t h e  s i l i c o n  p a r t i c l e  s i z e  l e d  11s to pcrform :i 
sys t ema t i c  s tudy of t h e  cffects of t h e  r e a c t i o n  c o n d i t i o n s  such .IS I'. 
and T on t h e  morpholog; of s i l i c o n  powder. A series of 16 c s p c r i n i c w t . i  
was performed under different p res su res  of SIF gas. I n  each L)f thcsc 
experiments ,  approximately 5 g of c l e a n  sodium was placed i n  the n i c k e l  
d i s h  i n s i d e  the r e a c t i o n  k e t t l e ,  and t h e  k c t t l c  was cvacuat rd .  By c s t c r n u l  
hea t ing  of t h e  r e a c t i o n  k e t t l e .  t h e  t empera ture  of t h e  sodium m c t c i l  was 
r a i s e d  t o  250 C ,  t h c  vac\ im l i n e  w u s  c u t  o f f ,  nnd S i F  gas was in*rodurcl '  
t o  perform t h e  r e a c t i o n .  I n  t h i s  series of experiments ,  t h e  pressure of  
s IF 
1 
max 
4 
0 
4 
* 
Performed i n  t h e  g l a s s  r e a c t i o n  k e t t l e  
6 



S i F  i n  t h e  r e a c t i o n  v a s  maintained c o n s t a n t  i n  t h e  range of 0.1 to  
1.1 a t a .  Thus, by f i x i n g  t h e  amount o f  sodim, t h e  t o t a l  amount of t h e  
r e a c t i o n  h e a t  was f i x e d ,  whereas a d j u s t i n g  t h e  p r e s s u r e  o f  S i F  i n  t h e  
range of  0.1 to 1.1 a t m  gave v a r i o u s  r e a c t i o n  r a t e s  r e s u l t i n g  i n  d i f f e r e n t  
reaction temperature, . The r e a c t i o n  temperature i n  t h e s e  experiments  
could n o t  be a c c u r a t e l y  measured because t h e  thcrmocouple t i p  i n  t h e  
r e a c t i o n  zone was quickly coated  with an i n s u l a t i n g  l a y e r  of t h e  r e a c t i o n  
products .  However, estimates of o v e r a l l  average r e a c t i o n  temperature  
(T ) i n  d i f f e r e n t  experiments  w e r e  recorded. 
4 
4 
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I n  g e n e r a l ,  when t h e  P was * 1 atm, t h e  e s t i m a t e d  r e a c t i o n  
temperature  w a s  g r e a t e r  than 1400 C. For r e a c t i o n s  wi th  P fr 0.5 atm, 
t h e  estimated r e a c t i o n  t c m p e r a t v e  v a r i e d  beiween 800 and 1100 C ,  and 
f o r  Pc 0.5 atm, t h e  temperature  i n  t h e  r e a c t i o n  system was i n  t h e  
range 600 t o  700 C. SEN examination showed t h e  r e a c t i o n  products  from 
a r e a c t i o n  with P = 1 a t m  to  be i n  t h e  form of a hard c r u s t  (F igu re  5 ) .  
The energy-dispers ive X-ray a n a l y s i s  (EDAS) of t h e  v a r i o u s  segments of 
t h i s  c r u s t  i n d i c a t e d  some s i l i c o n  seg rega t ion  f r o m  t h e  bulk of sodium 
f l u o r i d e s .  However, t h e  r e a c t i o n  products  ob ta ined  under P = 0.3 atm 
appeared t o  be an e a s i l y  crumbled mass (F igu re  6). 
S i F  
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S i l i c o n  pouders obta ined  a f t e r  l each ing  t h e  sodium f l u o r i d e s  f rom 
t h e  r e a c t i o n  products  were a l s o  examined under SEM. The s i l i c o n  powder 
obtained from t h e  r e a c t i o n  performed wi th  P = 1 atm had a p a r t i c l e  
size i n  t h e  range of 0.2 t o  0.5 nun and w3s c r y s t a l l i n e  (F igu re  7 ) ,  whereas 
t h e  s i l i c o n  powder ob ta ined  in t h e  r e a c t i o n  with P = 0.3 ritm was a 
f i n e  powder (Figure 8 ) .  
SiF  
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These o b s e r v a t i o n s  sugges t  t h a t  t h e  s i l i c o n  p a r t i c l e  s i z e  t e n d s  to 
i n c r e a s e  wi th  the P and temperature i n  t h e  r e a c t i o n  system. However, 
t h e  s i l i . - o n  powder oh-ained showed a d e f i n i t e  d z s t r i b u t i o n  of t h e  p a r t i c l e  
s i z e ,  which was s t u d i e d  f u r t h e r  by s i e v e  a n a l y s i s ,  as  d e s c r i b e d  i n  t h e  
next  sect ioli. 
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PARTICLE SIZE DISTRIBUTION 
To determine t h e  p a r t i c l e  s i z e  d i s t r i b u t i o n ,  t h e  leached s i l i c o n  
powders obta ined  i n  experiments 2(23.1-23.5) were s i eved  through a set 
of s tandard  s i e v e s .  
No. 20, 40, 60, 100, and 230 mesh, corresponding t o  s i e v e  openings of 
0.841, 0.420, 0.250, 0.149, and 0.063 mm, r e s p e c t i v e l y .  For every  sample, 
0.1 g of d r i e d  s i l i c o n  powder was s ieved  through t h i s  set, and the va r ious  
f r a c t i o n s  were c o l l e c t e d  and weighed t o  t h e  n e a r e s t  f 0.001 g. The per- 
cen tage  of t h e  t o t a l  weight r e t a i n e d  on each s i e v e  was c a l c u l a t e d  from 
t h e s e  weights. The cumulat ive weight percentage  f o r  f i v e  d i f f e r e n t  
experiments i n  the p res su re  range (55 mm Hg t o  700 mm Hg) i s  p l o t t e d  i n  
F igure  9. The p l o t  c l e a r l y  shows t h a t  a s  t he  P i n c r e a s e s  i n  t h e  
r e a c t i o n ,  the  percentage  of t h e  s i l i c o n  powder w i t h  p a r t i c l e  s i z e  g r e a t e r  
than  250 km inc reases .  For example, t h e  percentage of t h e  p a r t i c l e s  wi th  
s i z e  g r e a t e r  than 250 pm i s  45% f o r  P 
and about 20% f o r  t h e  range 180-350 mm Hg. 
t h e  f i n d i n g  t h a t  wi th  i n c r e a s i n g  p r e s s u r e  of S iF  i n  the r e a c t i o n  s y s t e m  
(which resui ts  i n  h ighe r  T 1, the s i l i c o n  p a r t i c l e  s i z e  tends  t o  grow 
l a r g e r .  We do not  y e t  f u l l y  understand t h e  mechanism f o r  t h i s  p a r t i c l e  
s i z e  growth. 
The set cons i s t ed  of f i v e  34-inch-diam sieves ASTM 
4 
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= 760 mu, 31% f o r  P = 750 mm 
S iF4 S i F  
This  obse rva t ion  agalfn suppor t s  
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CHARACTEPIZATION OF PRODUCT SILICON 
Emission Spec t rographic  Analys is  
We have been ana lyz ing  t h e  product  s i l i c o n  r o u t i n e l y  by t h e  emiss ion  
spec t rog raph ic  method, which g i v e s  a s e m i q u a n t i t a t i v e  ana lyses  of t he  
i m p u r i t i e s  i n  s i l i c o n .  I t  was qu ick ly  r e a l i z e d  t h a t  most of the i m p u r i t i e s  
of concern i n  s i l i con ,  such as T i ,  V, Z r ,  C r ,  Mo, B, P, A l ,  Na and F, were 
not  be ing  observed, i n d i c a t i n g  t ha t  the m o u n t s  of va r ious  i m p u r i t i e s  
p re sen t  i n  s i l i c o n  were lower than the  d e t e c t i o n  l i m i t  of t h i s  method. 
The l e v e l  of d e t e c t i o n  of  emission spec tographic  method f o r  most of t h e  
metals ranges  between 10 and 20 ppm w t .  However, t h e  e s t ima ted  d e t e c t i o n  
l i m i t  f o r  sodium is 1000 ppn w t  and f o r  phosphorus, 4500 ppm w t .  Thus, t he  
P and Na con ten t  could never be es t imated  below L' f ew t e n t h s  of a percent .  
Therefore ,  t o  determi:e t h e  impuri ty  con ten t  more r e a l i s t i c a l l y ,  w e  sen t  
a s i l i c o n  sample for spark  source  m 3 s s  spec t romet r i :  (SSivls) ana lys i s .  
The r e s u l t s  of t h i s  a n a l y s i s  are d i scussed  i n  a fo l lowing  sec t ion .  
Mel t ine  of Powder S i l i c o n  
Before sending t h e  s i l i c o n  samples f o r  SSMS a n a l y s i s  or making 
e l e c t r i c a l  measurements, w e  melted t h e  powder s i l i c o n  samples. The s i l i c o n  
powder was f i r s t  p e l l e t i z e d  i n  a s t a i n l e s s  steel d i e  (3/4-inch diameter)  
under a p r e s s u r e  of 5000 ps i .  These p e l l e t s  were placed i n  a q u a r t z  
c r u c i b l e  contained i n  a g r a p h i t e  susceptor .  Trace amounts of unlenched 
Na S iF  i n  t h e  s i l i c o n  p o w a - x r  were :>bserved t o  impede the  me l t ing  process .  
The s i l i c o n  p e l l e t s  were observed t o  o x i d i z e  along w i t h  t h e  e t c h i n g  of 
t h e  q u a r t z  c r u c i b l e .  The mechanism by which t h e  t r a c e  amount of Na SiF 
caused the  ox ida t ion  of s i l i c o n  p e l l e t s  is not  y e t  understood. 
2 6  
2 6  
0 
To s o l v e  t h i s  problem, w e  hea t - t r ea t ed  t h e  product  s i l i c o n  (T > 650 C) 
under vacuum f o r  two hours ,  The Na S i F  decomposed according t o  t h e  
2 6  
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reverse of reaction (2). Tho SiF gas was pumped out, leaving a trace 
amount of NaF with silicon. The remaining NaF was leached out by another 
leaching with dilute HC1, resulting in a silicon powder free of sodium 
fluorides. This powder was repelletized and could be melted by induction 
heating without any problem. 
4 
The molten silicon thus prepared was quenched to prevent impurity 
segregation and then etched with HF to remove adhering silica. The pieces 
of clean silicon were sent for SSMS analysis and were also mounted and 
polished to obtain smooth surfaces for electrical measurements. 
Spark Source Mass Spectrometric Analysis 
Silicon sample 2(19) was sent to the Instrumental Analysis Division 
of Commercial Testing and Engineering at Golden, Colorado. The sample was 
degreased i n  acetone, then etched with a mixture of HF/HNO It was then 
rinsed in deionized water, dried under an infrared heat lamp, and 
mounted in the source of the mass spectrometer. The resulting photoplate 
was examined for trace elements by the visual "just disappearing" technique 
versus the silicon M/e 30 isotope line. The results were corrected using 
the normal silScon/element determined ratio from a variety of other 
materials. The results are given in Table 1. The concentrations are in 
Ppm wt. 
3' 
Interesting observations are the low concentrations of doping elements, 
such as B, Al, Ga, P and As. The concentration of the elements known to 
be detrimental to solar cells such as Ti(2.0?, Zr(2.01, V(0.04), hh(O.l), 
and Mo(0.3) are encouragingly low. Also, the low concentrations of Na and 
F indicate an efficient leaching process used for leaching sodium fluorides, 
The only impurities present in tens of ppm wt are Fe, Cr, and Ca. 
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Element 
B 
A 1  
Ga 
P 
A s  
Zr 
v 
Mn 
Mo 
Ti 
Z? 
Ni 
co 
Nb 
Na 
TABLE 1 
SPARK SOURCE MASS SPECTROMETRIC ANALYSIS OF 
SILICON SAMPLE Z(19) 
P P  wt Element 
0.1 K 
0.8 Ca 
0.06 
0.2 
Not observed 
0.01 
0.04 
0. I 
0.3 
2.0 
2 .0  
2.0 
0.5 
0.02 
1.0 
Mg 
Sr 
Ba 
sc 
Y 
c1 
F 
C 
0 
S 
C r  
cu 
F e  
Ppm wt 
0.01 
1.0 
0.1 
0.2 
0.1 
0.1 
0.08 
0.08  
0.1 
5.0 
350.0 
0.04 
11.0 
20.0 
.55,0 
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I t  is p o s s i b l e  t h a t  t h e  Fe and C r  i m p u r i t i e s  were in t roduced  by t h e  
l i q u i d  .odium conta ined  i n  t h e  s t a i n l e s s  steel con ta ine r .  The source  of 
t h e  copper impur i ty  is not  q u i t e  c l e a r ,  a l though i t  could  have been i n t r o -  
duced by t h e  l i q u i d  sodium i t s e l f  because t h e  only t w o  observed i m p u r i t i e s  
i n  sodium metal  used ( a s  per  the emission spec t rographic  a i a l y s i s )  were 
Cu ( 8  ppm w t )  and Ca (100 ppm w t ) .  I t  is aLso suspected t h a t  t h e  source  
of Ti and Z r  i m p u r i t i e s  could be t h e  qua r t z  c r u c i b l e  ?rsed f o r  me l t ing  
s i l i c o n ,  
I t  must be emphasized here t h a t  t he  s i l i c o n  sample analyzed was 
obta ined  w i t h o u t  any p u r i f i c a t i o n  of SiF g a s  and sodium metal .  I t  i s  
t e l i e v e d  t h a t  with p u r i f i c a t i o n  of t h e  r e a c t a n t s  w i t h  some c o r r e c t i v e  
measures such a s  a n i c k e l  l i n e r  for t h e  sodium c o n t a i n e r ,  and us ing  high 
p u r i t y  q u a r t z  c r u c i b l e s  f o r  s i l i c o n  mel t ing ,  the  impuri ty  con ten t  of 
s i l i con  can be f u r t h e r  reduced 
4 
This  s i l i c o n  m a t e r i a l  can be p u r i f i e d  f u r t h e r  e i ther  by SiF g a s  
d i sp ropor t iona t ion  or by e lec t rochemica l  r o u t e s ,  b u t  both methods r e q u i r e  
f u r t h e r  research .  T h i s  s i l i c o n  m a t e r i a l  cotild be a s u i t a b l e  ieeds tock  
for a Czochralski  p u l l e r ,  bd t  i n  t h a t  c a s e ,  s i l i c o n  w i l l  be l u r t h e r  
p u r i f i e d ,  because,  as i s  w e l l  known, t h e  seg rega t ion  c o e f i i c i e n t s  of most 
of t he  Tnetal l ic  i m p u r i t i e s  are highly  f avorab le .  The ana lyses  repor ted  
h e r e  a r e  for the s i l i c o n  samples Lhat were not  r e f i n e d  by zone r e f i n i n p  
Czochra lsk i  p u l l i n g ,  or other l i q u i d / s o l i d  seg rega t ion  processes .  
2 
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Phosphorus Analys is  
The phosphorus con ten t  i n  sample 2(19) was determined independent ly  
by ana lyz ing  t h e  sample w i t h  a c o l o r i m e t r i c  method. The phosphorus c c n t e n t  
was found t o  be less than 90 p a r t s  per  b i l l i o n ,  which agreed reasonably 
w e l l  w i t h  t he  SShlS resu l t  of 200 ppb. 
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E l e c t r i c a l  Measurements 
Sample: 2(19) snd 2(20) obtained a f t e r  i n d u c t i o n  m e l t i n g  of s i l i c o n  
powder were r o u t e d  and pol ished t o  o b t a i n  smooth s u r f a c e s  of an 
approximate a r e a  of 1 x 1 cm . R e s i s t i v i t y  v a l u e s  were measured us ing  
a four-point probe of 0.02 inch  spacings.  
on a t  l e a s t  f i v e  d i f f e r e n t  p o s i t i o n s  of each s a r p l e .  The r e s u l t s  a r e  
given i n  Table 2. A t h e l r o e l e c ’  ic method was used for typing the  bulk 
m a t e r i a l  i n  these samples, and the bulk m a t e r i a l  i n  both samples was 
P-type. 
2 
These measurements were made 
Tab le  2 
ELECTRICAL MEASUREYENTS 
Sample No. R e s i s t i v i t y  O b  Ca 
0.1 - 0.5 
0.2 - 0.25 
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We are continuing further investigation of suitable DethodS for 
introducing liquid sodiu into the reactor. The information obtained 
f r a  these studies will be utilized for process scale-up. 
We are also attempting to pin-point the sources of impurities such 
as Cr, Cu and Fe so that we ray further decrease the impurity content 
in SRI silicon. 
22 
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